A b s t r a c t. Understanding the processes that control the retention and flow of water in peat soils is critical to the effective management of such soils from both agricultural and ecological perspectives. The water retention properties of peats collected from rubber-cultivated, oil palm-cultivated, and abandoned (uncultivated) areas in the vicinity of Kanamit Barat Village, Pulang Pisau District, Province of Central Kalimantan were characterized using the van Genuchten equation. Based on the parameters of α indicating a change in the water content as water potential changes and n indicating the rate of decreasing water content as water potential becomes more negative, the more decomposed peats in the rubber cultivated peatland lost their water relatively slowly at small negative pressure heads, while less decomposed peats in the oil palm-cultivated and abandoned peatlands lost their water more quickly. This reflects difference of pore-size distribution among different land uses of peatlands. The total volume of water retained by the unsaturated layers in the rubber-cultivated peatland was lower than that in the oil palm-cultivated and abandoned areas. Also, the residual water content was higher in the rubber-cultivated peatland compared to the oil palm-cultivated and abandoned areas. This implies that the proportion of the maximum volume of water being removed decreases as a result of agricultural activities in peatlands. This evidence shows that the moisture state of peat soil is greatly influenced by the degree of peat decomposition and water table fluctuation.
INTRODUCTION
Peatland is a mega-terrestrial ecosystem containing massive amounts of carbon (C). Peatlands cover only 3% (4,000,000 km 2 ) of the land area of the world, but 550 Gton of carbon is stored in peat worldwide (Parish et al., 2008) . In Indonesia it is currently estimated that peatland covers an area of approximately 14.9 million hectares (IAARD, 2012) . Many people are currently linking the issue of the emissions of greenhouse gases (GHG) with a loss of C from peatlands. In their natural condition when peatlands remain wet, their immense carbon storage capacity remains intact. Peatland is naturally waterlogged resulting in an anoxic and water-saturated condition that may inhibit peat oxidation, and consequently the carbon stored in peatlands remains stabilized in peat layers.
Problems then arise when the natural peatlands are drained for various purposes such as agriculture, forestry, deforestation, peat extraction, and infrastructure development. The use of peatlands for various purposes is hindered by the hydrological constraint that they are always wet and stagnant throughout the year, making affordable utilization difficult and also hampering accessibility. Therefore, the natural peatland must be reclaimed through the construction of drainage systems (Alan Tan and Ritzema, 2003; Kurnain et al., 2001) . Problems then occur when the natural peatlands are cleared and drained resulting in an oxic and water-unsaturated peat layer. Changes in the moisture condition of the peat layers will in turn result in increasing peat compaction and oxidation and these factors contribute to subsidence and greenhouse gas emission in developed peatlands.
The processes controlling the retention and flow of water in peat soils need to be understood and are critical to the effective management of such soils from both agricultural and ecological perspectives. In contrast to mineral soils, much less is known about the unsaturated soil hydraulic properties of peat soils, especially water retention and hydraulic conductivity. This is, in part, due to the unique nature of the physical and hydraulic properties of peat soils, such as volume changes during dewatering. The water retention characteristics of mineral soils have been modelled quite intensively, and several models have been presented in the last 25 years (Brooks and Corey, 1964; van Genuchten, 1980) . Some of these models could also be calibrated for peat soils, and therefore some of them will be investigated here. Most of the water retention models for mineral soils allow for analytical solutions of the hydraulic conductivity or permeability function. Unfortunately, these analytical models contain curve shape parameters that were originally determined for large sets of mineral soil samples (Mualem, 1976) . Consequently, they should not be used for peat soils without refitting the shape.
Many agrohydrological designs require measurements of the hydrophysical properties of unsaturated soils. These properties are related to the ability of a soil to retain or release water and its dissolved substances. For example, they affect the available water in the soil root zone, and recharge to or capillary rise from the groundwater table, among many other processes in the unsaturated or vadose zone between the soil surface and the groundwater table.
The hydrophysical properties are also critical components of mathematical models for studying or predicting site-specific water and solute transport processes in the subsurface. The present study aimed at investigating the characteristics of the water retention of peats that were collected from land used in three different ways, namely rubber-cultivated, oil palm-cultivated, and abandoned areas. Peat water retention was characterized using the equation of van Genuchten, and related to some of its physical properties.
MATERIALS AND METHODS
The present study was conducted through laboratory and fieinld measurement. The field measurements took place in the vicinity of Kanamit Barat Village, Pulang Pisau District, Province of Central Kalimantan. The area is a part of the ex-mega rice project in the peatland of Central Kalimantan. There are three peatland covers for field measurement, including land that was cultivated for rubber for ten years, oil palm for four years, and land that had been abandoned for five years at the time of sampling. The distribution of the field measurement was presented in Table 1 .
Peat soils taxonomically classified as Histosols (Andriesse, 1988; Soil Survey Staff, 1999) were collected on acrotelm, intermediate and catotelm layers. The classification of these layers have been described elsewhere (Morris et al., 2011; Reeve et al., 2000; Schuldt et al., 2013; Kurnain and Hayati, 2016) . Their depths depended on the position of the water table at the study sites. An acrotelm layer is located permanently above the water table during the year, and a catotelm layer is always water-saturated due to its position below the water table. An intermediate layer that is located between the acrotelm and catotelm layers is temporarily water-saturated especially during the rainy season. Before sample collection at each point, the water table was measured using a PVC pipe that was inserted into the surface and the depth of the water from the soil surface was recorded as the water table depth. The materials used for these laboratory measurements consisted of two types of peat samples, those were the disturbed and undisturbed (core) samples. The disturbed sample was taken using a metal soil auger. The soil auger was incorporated into the soil by gently rotating the auger at any depth of the auger bit. In accordance with the depth of the groundwater level at any point, the soil samples collected weighed approximately 300 g and consisted of layers of acrotelm, intermediate, and catotelm respectively. The sample was divided partly into a fresh sample and an airdried sample. The undisturbed sample was collected using a core sampling unit. Before sampling, the peat soil was excavated above the first depth to be sampled and a flat smooth horizontal surface was made. The area of the flat surface should be sufficient to take two core samples, one for measuring bulk density and the other for moisture retention. The driving head was placed on top of the sampling cylinder and the cylinder was driven into the soil with steady blows of the heavy small hammer on the driving head. The cylinder was driven down to about 2 cm below the real height of the cylinder. The driving head was gently removed. The soil around the sampling cylinder was excavated by a strong sharp knife, allowing sufficient soil below the lower rim for trimming the soil up to the rim. The soil was trimmed up to the rim on both sides so that the soil inside the cylinder was exactly the same volume as the cylinder. Finally, both sides of the cylinder were covered with lids, thus avoiding damage and moisture loss.
The variables measured in the laboratory (Table 2) were bulk density, fibre content, the optical density ratio (E4/E6), effective and total porosity, and water retention at various pressure heads. The soil bulk density is defined as the ratio of the mass of a given sample to its bulk volume, which includes soil particles and pore spaces in the sample. The fibre content is a physical property of peat soils often used to characterize the degree of peat decomposition (Malterer et al., 1992; Blackford and Chambers, 1993; Kurnain, 2005) . The lower the fibre content, the higher the degree of peat decomposition, and vice versa. The extraction of humic substances from the peat material can also be used to assess the degree of peat decomposition (Kumada, 1987; Sapek and Sapek, 1987; Blackford and Chambers, 1993; Kurnain, 2005) . Humic acids produced by the decomposition of the peat materials will result in a brown colour of the humic filtrates. Kumada (1987) reported that the increase in the intensity of the brown colour is proportional to the formation of humic substances. Therefore, the measurement of the optical density of the humic filtrate may be used to assess the degree of peat decomposition. The optical density was usually presented as the ratio of the optical density (E4/ E6), the ratio of the absorbance at a lower wavelength (465 or 400) and the absorbance at a higher wavelength (665 or 600) (Kononova, 1966; Kumada, 1987; Sapek and Sapek, 1987; Blackford and Chambers, 1993; Kurnain, 2005) . The procedures used to determine all of the hydrophysical parameters will refer to standard methods found elsewhere (Kurnain et al., 2006; Guber et al., 2010; Gallage et al., 2013) . Table 2 summarizes the methods used for measuring or calculating selected soil parameters.
The hydrological characteristics of soils, such as water retention and the rate of water movement, depend, to a large degree on the total porosity and pore-size distribution of the material (Kutilek and Novak, 1998) . The soil water potential -moisture characteristics allow for the calculation of effective pore size distribution. Water retention curves make it possible to determine the amount of closely bound water at a soil water potential of -1500 kPa, which is an indicator of the presence of micropores in the soil (Walczak et al., 2006) . The volume of mesopores may be calculated as the difference between water content at -10 kPa and -1500 kPa. The mesopore content of the soil corresponds to the content of water available for plants and the water content at from -10 to -33 kPa and from -33 to -1500 kPa represents easily available and insufficiently available water respectively. The water (2004) and
Water retention At 0,1, 2, 5, and 10 kPa with hanging column At 34 and 100 kPa with pressure plate + --content between saturation and at -10 kPa indicates the presence of macropores. In macropores, a rapid gravitational efflux of water takes place, which is called soil aeration capacity. Water capacity between -10 kPa and -1500 kPa may be described as potentially useful retention, but below -1500 kPa water is unavailable for plants (Okruszko, 1993) . The water retention was characterized using the retention function given below:
where θ(h) is the measured volumetric water content (cm 3 cm -3 ) at the suction h (cm, assumed to be positive for increasing suction). The parameters θ r and θ s are residual and saturated water contents, respectively (cm 3 cm -3 ); α (> 0, in cm -1 ) is related to the inverse of the air entry suction, and n (> 1) is a measure of the pore-size distribution (van Genuchten, 1980).
RESULTS AND DISCUSSION
Peat decomposition may take place chemically through an oxidation process, and physically through changes in the size of the peat materials. Considering how peat materials change due to physical and chemical processes, the degree of peat decomposition was determined by measurement of the fibre content of the peat materials and the optical density of the humic substances. Figure 1 shows the fibre contents of the peat material from rubber-cultivated, oil palm-cultivated, and abandoned areas of the ombrotrophic peatland in Kanamit Barat Village. Based on the criteria of the fibre content mentioned in Linn et al. (1974) and Kurnain (2005) , all peat materials from three types of land use were classified as sapric peat that is highly decomposed. However, the degree of peat decomposition in the unsaturated zones (acrotelm and intermediate layers) was higher than it was in the saturated zone (catotelm layer). This is due to the peat decomposition being partly inhibited by water-filled pore spaces (Saidy, 2002) . This is also implied by the measurement of the optical density ratio of humic substances (Fig. 2) . Peat material in the upper layer of developed peatland is more decomposed than in the lower layer. This difference can be attributed to a lowering of the water table due to drainage in the peatland used for agriculture. The declining water table resulted in peat material in the upper layer receiving an air flow more freely (more aerobic) than the lower layer, so that the oxidation process took place more intensively (Saidy, 2002; Kurnain, 2005) . The physical properties of peat soils, which are often compared to those of mineral soils, are mainly bulk density and porosity. Both physical properties significantly affect the water characteristics of peat soils. As peat materials become more decomposed when natural peatlands are drained, both bulk density and porosity changed accordingly (Kurnain et al., 2006) . Figure 3 shows the bulk density of peat soils collected in the unsaturated zone of drained peatlands. Compared to the selectively logged peat forest of the upper River Sebangau, Central Kalimantan, as shown by Kurnain (2005) , the bulk density values obtained were significantly higher. The peat bulk density of the rubber-cultivated peatland was higher than that of the oil palm-cultivated and abandoned areas. This is the case because rubber cultivation requires a more compacted peatland surface for supporting the growth of rubber trees. Figure 4 shows the total porosity of peat soils collected in the unsaturated zone of the drained peatlands. The total porosity of the peat soil may be calculated from particle density or it can also be compared with the volume of the moisture content at a water potential of 0 kPa (Kurnain et al., 2006) . In this report, the total porosity of peat soil was determined by the second measurement. The average total porosity varied from a low of 54% in the acrotelm layer of the rubber-cultivated peatland to a high of 83% in the intermediate layer of oil palm-cultivated peatland. This range is lower than the range reported by Kurnain (2005) for developed peatland in Central Kalimantan. However, the range of total porosity is consistent with the findings of Kurnain (2005) when taking into account the effect of peat bulk density on the total porosity. The compaction of the soil structure will reduce the pore volume, and change the configuration of the pores in the soil (Richard et al., 2001; Dexter, 2004; Tarawally et al., 2004) . The total porosity values showed the same results as the bulk density values since they are inversely related to one another. The positions that had the highest porosity also had the lowest bulk density and vice versa. The ability of peat to retain water is determined by the water potential and the degree of peat decomposition (Matthew et al., 2000) . Water potential is associated in the field with the groundwater levels relative to baseline observations. The characterization of moisture contents at a head of water potential of 0, -1, -2, -5, -10, -34, and -100 kPa using the van Genuchten equation (van Genuchten, 1980) was conducted in order to understand the effect of water table fluctuation on water retention. The water retention curves of peats which were collected in rubber-cultivated (Fig. 5a) , oil palm-cultivated (Fig. 5b) , and abandoned peatlands (Fig. 5c) were matched to the van Genuchten equation. Figure 5 may be interpreted as showing the equilibrium water content distribution above a water table where the pressure head is zero and the soil fully saturated. The plots in Figure 5 show that the more decomposed peats in the rubber cultivated peatland lose their water relatively slowly at small negative pressure heads, while the less decomposed peats in the oil palm-cultivated and abandoned peatlands lose their water more quickly. This reflects the difference in pore-size distribution among the different land uses of peatlands. The majority of pores in the less decomposed peats have larger diameters and thus drain at a relatively small negative pressure or operationally, in relatively shallow water tables. This phenomenon may also be applied to acrotelm and intermediate peat layers that are in different decomposition states.
The parameters of the equation for each type of land use and peat layer are shown in Table 3 . The following parameters can be derived from this equation, those are the volumetric water content at saturated (θ s ), residual volumetric water content (θ r ), parameter α indicating water loss due to a lowering water table (Hodnett and Tomasella, 2002) , and parameter n indicating the intensity of changes in water content due to the decreasing level of the water table (Tomasella et al., 2000; Hodnett and Tomasella. 2002) . The total volume of water retained by unsaturated layers in the rubber-cultivated peatland was lower than that in the oil palm-cultivated and abandoned peatlands. Otherwise, Table 3 . the residual water content was higher in the rubber-cultivated peatland as compared to the oil palm-cultivated and abandoned peatlands. This implies that the proportion of the maximum volume of water being removed decreases as a result of agricultural activities in the peatlands. This evidence shows that the moisture state of the peat soil was greatly influenced by the degree of peat decomposition and water table fluctuation. Parameter α varied between 0.15-0.23. According to the aforementioned Hodnett and Tomasella (2002) the higher value of parameter α resulted in a higher degree of moisture loss as a result of the decreasing level of the water table. Otherwise, the lower value of α indicated a lower level of moisture loss. Based on the value of α, the unsaturated peat layer in the oil palm-cultivated peatland will lose water at a higher rate than in the rubber-cultivated peatland. This result can be explained by what was revealed by Assouline et al. (1997) and van Dijck and van Asch (2002) that the water retention curve will be flat in the case of compression as the proportion of macro pores decreases and vice versa; the proportion of micropores increases. The n parameter values tend to be lower in the compacted peat layer. Parameter n indicates the intensity of changes in moisture content due to changes in water potential (pressure head) (Tomasella et al. 2000; Hodnett and Tomasella. 2002) . If the value n is greater in the unsaturated layer of the abandoned area, the decrease in moisture content progresses rapidly due to the lowering level of the water table. This means that the peat soil with a lower degree of decomposition will lose moisture more rapidly during the early period of decline in the water table.
Water retention curves of peats collected in rubber-cultivated, oil palm-cultivated, and abandoned peatlands were matched to the van Genuchten equation. The curves show that the more decomposed peats in the rubber-cultivated peatlands lose their water relatively slowly at low negative pressure heads, while the less decomposed peats in the oil palm-cultivated and abandoned peatlands lose their water more quickly. This reflects the differences in the pore-size distribution among different land uses of peatlands. This phenomenon may also be applied to acrotelm and intermediate peat layers that are in different decomposed states. The total volume of water retained by unsaturated layers in the rubber-cultivated peatland was lower than that in the oil palm-cultivated and abandoned peatlands. Otherwise, the residual water content was higher in the rubber-cultivated peatland compared to the oil palm-cultivated and abandoned peatlands. This implies that the proportion of the maximum volume of water being removed decreases as a result of the agricultural activities in the peatlands. This evidence shows that the moisture state of the peat soil was greatly influenced by the degree of peat decomposition and water table fluctuation. Based on parameters α and n, the unsaturated peat layers in the oil palm-cultivated peatland will be lose water at a higher rate than in the rubber cultivated peatland during the early period of decline in the water table. This result may be explained by the fact that the water retention curve will be flat in the case of compression as the proportion of macropores decreases and vice versa, the proportion of micropores increases.
The present study has resulted in important findings in relation to the implementation of ecohydrological approaches toward the sustainable management of peatlands. The results show that the hydrophysical properties of peat materials were varied with different land uses and consequently, a different degree of peat decomposition. More decomposed peats will result in more compacted peat and this will subsequently result in a higher bulk density, lower total and effective porosities and an otherwise higher residual porosity. Changes in the hydrophysical properties due to land use changes have evidently influenced hydraulic characteristics including water retention and hydraulic conductivity. This finding is of some importance for implementing ecohydrological approaches toward the sustainable management of peatlands. CONCLUSIONS 1. The hydrophysical properties of peat materials varied with different land use. There is a relationship between both the bulk density and the total porosity of peat materials with the progress of peat decomposition.
2. The characteristics of the water retention of unsaturated peat layers varied with different land use. The unsaturated peat layer of the oil palm-cultivated land evidently lost water at a higher rate than the rubber-cultivated area.
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